The microtubule-dependent motility of endoplasmic reticulum (ER) tubules is fundamental to the structure and function of the ER. From in vitro assays, three mechanisms for ER tubule motility have arisen: the 'membrane sliding mechanism' in which ER tubules slide along microtubules using microtubule motor activity; the 'microtubule movement mechanism' in which ER attaches to moving microtubules; and the 'tip attachment complex (TAC) mechanism' in which ER tubules attach to growing plus ends of microtubules.
Background
Organelles such as the endoplasmic reticulum (ER), Golgi apparatus and endosomal and lysosomal compartments are comprised of anastomosing tubular membrane networks [1, 2] . In living cells, tubular membrane networks of the ER and Golgi are built through a process in which a membrane tubule extends from one region of a membrane compartment, contacts and then fuses with another tubular region of the compartment to form a tubular junction between the two regions [3] [4] [5] [6] [7] . During membrane trafficking between the ER and Golgi, membrane tubules also extend and bud off at their distal ends from one organelle to form transport intermediates that eventually fuse with target organelles [7, 8] . Thus, the extension and formation of membrane tubules is fundamentally important to organelle function as well as to the maintenance of organelle structure.
The localization of both the Golgi and the ER is dependent on microtubules (reviewed in [9, 10] ). At the light microscope level in fixed cells, ER tubules colocalize with single microtubules [11, 12] . At the ultrastructural level in growth cones, ER tubules either associate along their length with microtubules or bind at a single point to the tips of microtubules via an electron-dense cloud [13] . The microtubule-based motors, kinesin and cytoplasmic dynein/dynactin, have been implicated in membrane trafficking in the secretory and endocytic pathways ( [8, [14] [15] [16] [17] , reviewed in [9, 18] ). The precise mechanism for microtubule-based ER tubule formation and motility in living cells is, however, unknown.
To determine how the ER forms tubular networks in vivo, in vitro assays have been developed in which dynamic membrane tubule networks form in a microtubule-dependent manner. These studies have revealed three possible mechanisms for the microtubule-dependent formation and motility of membrane tubules: the membrane sliding mechanism; the microtubule movement mechanism; and polymerization-driven microtubule tip attachment complexes (TACs). In the membrane sliding mechanism, membrane tubules extend via a microtubule motor protein attachment between a membrane aggregate and the shaft of a microtubule. As the motor attachment slides along the microtubule, a membrane tubule is extended from the aggregate [19] [20] [21] [22] . In the microtubule movement mechanism, a membrane attaches statically to the shaft of a moving microtubule that is sliding by motor activity either against another microtubule or along the coverslip surface [23] .
Recently, we documented a third mechanism for microtubule-dependent formation of membrane tubules in interphase-arrested extracts of Xenopus laevis [24] . Here, ER membranes attached selectively to the growing plus ends of microtubules and extended by a polymerizationdependent mechanism that we termed a TAC. TACdriven extension of ER tubules by plus-end polymerization was insensitive to inhibitors of microtubule motors, persisted during both growth and shortening, and did not alter the rates of growth or shortening. Subsequently, Reinsch and Karsenti [25] also observed in Xenopus egg extracts the movements of ER from nuclear envelopes driven by microtubule plus-end polymerization, and there is evidence that a similar phenomenon may drive the movement of phagosomes in cultured cells [26] . Similar microtubule-depolymerization-dependent movements of chromosomes or microtubule-motor-coated beads coupled to the plus ends of microtubules have also been demonstrated in vitro [27] [28] [29] .
In this study, we use multi-wavelength time-lapse epifluorescence microscopy to observe the dynamics of ER and microtubules to determine which mechanism of membrane motility drives ER remodeling in living cells. We show that the membrane sliding and TAC mechanisms have a significant role in ER tubule formation and motility towards the cell periphery, whereas a type of microtubule movement mechanism that is driven by actomyosin-based retrograde flow of microtubules retracts pre-formed ER tubules towards the cell body.
Results

ER tubules and microtubules are closely distributed in the lamella and both undergo continuous retrograde flow
We examined ER-microtubule interactions in the lamella of migrating newt lung epithelial cells because they have a broad, flat, thin lamella that terminates at the leading edge in a ruffling lamellipodia, making them well suited to microscopy. To examine microtubule and ER dynamics in relation to one another, cells were microinjected with 2 mg/ml X-rhodamine-labeled tubulin, membranes were stained with 1.5 µg/ml DiOC 6 (3), and pairs of fluorescence images (within 3 seconds of each other) of microtubules and the ER were acquired at 7-10 second intervals for periods of 5-30 minutes. DiOC 6 (3) stained lightly the plasma membrane and more intensely the tubular reticular network of the peripheral ER [3] [4] [5] 30] . Pseudocolored overlays (with microtubules red, and ER green) revealed that ER tubules were associated with microtubules along nearly their entire lengths in living cells (Figure 1 ), much like reports for fixed cells [11] [12] [13] 31] except that ER tubules never extended beyond the ends of microtubules. This discrepancy may be due to cell-type-specific differences in retrograde flow, centripetal tension in the membrane network, or fixation artifacts.
By examining 'movies' of time-lapse series of color overlays, we noted features of the dynamic interactions between ER membrane tubules and microtubules. Many ER tubules were bound to microtubules that were undergoing a continuous slow retrograde movement towards the cell center at 0.42 ± 0.06 µm/min (Figure 1e , time 00:00-19:15, large arrows), as has been reported for either microtubules [32] or ER [30] . This movement was inhibited by 2.5 µM cytochalasin D and 25 mM 2,3-butanedione monoxime (BDM), indicating that it was dependent on actomyosin (data not shown) [30, 32, 33] . As retrograde flow continued, new microtubule plus ends polymerized towards the cell edge and new ER tubules extended towards the edge in association with microtubules. These extended ER tubules appeared to be under centripetal elastic tension; they were stretched smoother in profile and exhibited much less lateral Brownian motion compared with ER tubules in the more central regions of the cell. ER tubules never extended along microtubules towards the direction of cell body (that is, towards the minus ends of microtubules). When an ER tubule was associated with a shrinking microtubule, however, the tubule always retracted towards the cell body with the microtubule end, never remaining beyond it.
To determine whether retrograde flow of ER tubules required microtubules, cells were perfused with 40 µM nocodazole to induce depolymerization of microtubules. If a single, free-ended ER tubule that was extended under tension towards the leading edge was attached at its tip or along its length to a microtubule that suddenly depolymerized, the ER tubule retracted as the microtubule depolymerized. If an ER tubule was neither under apparent centripetal tension nor attached at its end or along its length to a microtubule (that is, at the junction of threeway branch-points in the ER network), it behaved differently. In this case, if the microtubule depolymerized, the ER network did not retract with the microtubule, but continued to undergo slow retrograde flow without attachment to a microtubule. These results show that under normal circumstances, when ER tubules are under centripetal elastic tension, they require attachment to microtubules to undergo slow retrograde flow, but the ER network as a whole can also be moved by actomyosinbased retrograde flow in the absence of microtubules.
New ER tubules form either by a plus-end sliding mechanism or by TACs
To determine whether the initial extension of new tubules from out of the ER network towards the cell periphery occurred by TACs or the sliding mechanism, we examined enlarged time-lapse series of color overlays of individual ER-microtubule interactions as movies. In Figure 2b , at time 0:00, the ER tubule (arrow) had just begun to extend from the polygonal network along the lattice of the microtubule whose tip is marked with an arrowhead. Between time 0:00-3:02, the microtubule plus end did not grow or shorten. During this time, the ER tubule extended by sliding towards the plus end of the microtubule, and by time 2:06, the ER tubule had 'caught up' with the microtubule tip. The ER tubule and microtubule then both extended simultaneously (time 3:02-3:30), shortened simultaneously (time 3:30-3:58), and at time 3:58, the microtubule switched from shortening back to growth whereas the ER tubule continued to shorten, appearing to 'slip' back at 5-10 µm/min velocities, with frequent pauses, along the lattice of the growing microtubule, and coalesce into the ER network (data not shown). This uneven retraction gave the impression that the ER tubule had few sites of attachment to the microtubule, which detached consecutively as it retracted. The positions of the microtubule tip and the ER tubule tip were tracked over time, and the distance between the tips over time was plotted (Figure 2e ), clearly illustrating that the ER tubule was formed by sliding along the lattice of a dynamic microtubule, and then undergoing colinear extension and retraction with the growing and shortening microtubule end.
A second example of an ER-microtubule interaction from a different cell illustrating how ER membrane tubules can form by a TAC-driven mechanism is shown in Figure 2d . At time 0:00, a growing microtubule end contacted a thickened region of the ER network (arrowhead). When the microtubule grew further (time 0:00-2:00), the thickened membrane region formed an attachment to the growing microtubule plus end, and a new ER tubule extended from the thickened region simultaneously with the growing microtubule end for several microns. At time 2:00, when the microtubule switched from growth to 800 Current Biology, Vol 8 No 14
Figure 1
Simultaneous labeling of microtubules with microinjected X-rhodaminelabeled tubulin and ER by DiOC 6 (3) staining in the lamella of a living migrating newt lung epithelial cell. The unprocessed images of (a) microtubules and (c) ER were processed and contrast-enhanced to bring out details of the filamentous and tubular networks against background staining of unpolymerized labeled tubulin and the plasma membrane. The images were then color-coded with (b) microtubules red and (d) ER tubules green. Note that the image-processing regime used on the ER network artifactually enhances the edge of the cell with brighter staining and makes both ER and microtubules appear more punctate -compare (a,c) with (b,d). (e) Processed images of the red microtubules and green ER tubules that were acquired within 3 sec of each other are superimposed into a color overlay to show the relationship of the two structures to each other, and several images from a time-lapse sequence are shown. Arrowheads show regions of the ER network that do not overlie microtubules. Small arrows point to microtubules that do not have ER tubules associated with them. Large arrows point to a microtubule with its associated ER tubule that is parallel to the leading edge of the cell and undergoes a continuous retrograde flow towards the cell center. Elapsed time is indicated at bottom left (in min:sec). Scale bar in (a) = 5 µm. shortening, the ER tubule retracted colinearly with the microtubule tip. The ER tubule and microtubule both shortened for about 1 µm, and both switched to growth (time 2:10) for several microns. At times 3:30 and 4:00, note that the ER tubule is not associated with the microtubule all along its length, but appears to be stretched from its attachment point at the microtubule tip. Just after time 4:00, the ER tubule abruptly lost its attachment to the microtubule tip and rapidly recoiled at 42.3 µm/min (time 4:10) as the microtubule continued to grow. The rapid recoil of the ER tubule indicated that there was only a single point of attachment between the ER tubule and the microtubule end. Plots of the position of the ER tubule tip, microtubule tip, and distance between the two tips over time (Figure 2f ) clearly illustrate that the ER membrane tubule was initially formed by coupling to the polymerizing plus end during ER tubule extension, and that the ER tubule remained attached to the plus end during switching between polymerization and depolymerization, and during depolymerization.
The interactions between 75 ER tubules and microtubules were examined in 138 minutes of time-lapse color overlays of a 900 µm 2 field of view of the lamella in 15 different cells. Of the ER tubules observed, 10.7% were statically attached at their ends to the lattice of microtubules and undergoing retrograde flow, whereas 89.3% were observed to interact dynamically with microtubules ( Figure 3) . We classified TAC-driven ER tubule formation as an ER tubule that extended de novo by its attachment to the tip of a polymerizing microtubule, and the sliding mechanism was classified as an ER tubule that extended de novo along the lattice of a pre-existing microtubule, regardless of the assembly state of the microtubule end (see Materials and methods). New ER tubules were formed by the TACdriven mechanism 31.4% of the time, and by the sliding mechanism 68.6% of the time (Figure 3 ). ER tubules extended by sliding at an average rate of 4.23 ± 4.64 µm/min (range = 0.21-36.6 µm/min) ( Table 1) at a frequency of 0.332 tubules per minute (Figure 3 (Table 1) . Following their initial formation, ER tubules formed by TACs remained attached to the ends of microtubules during all phases of microtubule dynamic instability. TACs were most likely to detach from microtubule ends during switching from shortening to growth (87% of the time), during growth (10% of the time), or during pause (3% of the time). When sliding ER tubules caught up with the plus ends of microtubules, 88.8% of the time their movement became coupled to the growth and shortening dynamics of the microtubule, presumably forming TACs at that time. The remaining 11.2% of the time, sliding ER remained associated with the microtubule end only very briefly (< 10 seconds) before detaching and retracting along the microtubule lattice. Following microtubule detachment, ER tubules retracted towards the cell center only far enough to coalesce into the ER network and never continued moving beyond this point in a minus-end direction, indicating that retraction was due to centripetal tension in the ER tubule and not minus-end motor activity.
TACs do not change microtubule growth and shortening rates but alter transition frequencies
To determine whether TACs alter microtubule growth and shortening kinetics in vivo, we compared the parameters of microtubule dynamic instability of microtubules that had no ER associated with their plus end (free plus ends) with those of ER-microtubule TACs (Table 1) . Free plus ends had an average growth velocity of 3.65 ± 3.20 µm/min, not significantly different from the 3.79 ± 3.46 µm/min rate of TACs (Table 1) . Similarly, the rates of shortening for free plus ends (3.57 ± 3.11 µm/min) and TACs (3.11 ± 3.73 µm/min) were not significantly different. However, the frequency of catastrophe for TACs Comparison of parameters of microtubule plus-end dynamic instability of free plus ends, and those of microtubules with ER TACs coupled to their plus ends. Also shown are rates and durations of elongation and retraction for ER tubules that are moving by sliding along the lattice of a microtubule. Ten cells were analyzed in all cases, and n is the number of microtubule plus ends or ER tubule tips analyzed. Values are expressed as mean ± SD. * Measured per individual microtubule. † Significantly different from free microtubule, p < 0.01.
Figure 3
Comparison of the types of interactions between ER tubules and microtubules in control cells and cells treated with 100 nM nocodazole to inhibit microtubule plus-end dynamic instability. Nocodazole (100 nm) selectively inhibited all the TAC motility and increased the percentage of ER tubules that were statically bound to the microtubule lattice. was significantly reduced (p < 0.01) compared with free plus ends: 4.60 ± 3.03 per minute for free plus ends versus 2.24 ± 0.97 per minute for TACs (Table 1) . Likewise, the rescue frequency was also significantly reduced by attachment of a TAC to a microtubule tip: 5.90 ± 3.82 per minute for free plus ends versus 4.00 ± 2.41 per minute for TACs (Table 1) .
TAC formation requires plus end microtubule assembly and disassembly dynamics
To determine whether microtubule growth and shortening dynamics were required to maintain the ER tubule TAC at a microtubule plus end, cells were treated with a concentration of nocodazole (100 nM) that inhibits plusend growth and shortening [32, 34] . Under these conditions, the inhibited plus ends (Figure 4 , arrowheads) moved with retrograde flow towards the cell center. Strikingly, no ER tubules were attached to the ends of microtubules. In contrast, ER tubules continued to form by the sliding mechanism at the normal ER sliding velocity (Figure 4, arrows) . Unlike control cells, when sliding ER tubules 'caught up' with stable microtubule plus ends, the ER tubules did not form TACs, but instead associated with the microtubule ends briefly (< 10 seconds) before detaching and retracting along the microtubule lattice (data not shown).
To quantitate the effects of inhibiting microtubule dynamics on ER motility, 40 ER-microtubule interactions were examined in 70 minutes of time-lapse color overlays of a 900 µm 2 field of view of the lamellae of seven different 100 nM nocodazole-treated cells. Not a single ER tubule was coupled to the stable end of a microtubule in nocodazole-treated cells. Although the total number of ER tubules after nocodazole treatment was similar to controls (0.573 per minute versus 0.542 per minute, respectively), the proportion of ER tubules that were statically bound to microtubules was increased from 10.7% in control cells to 45.0% in nocodazole-treated cells (0.058 per minute versus 0.258 per minute, respectively; Figure 3 ). However, a similar proportion of the total ER tubules were formed by the sliding mechanism in nocodazole-treated and control cells (54.8% versus 61.2%, respectively).
Discussion Three modes of ER transport in the lamella of migrating cells
We have analyzed the dynamic relationship between ER tubules and microtubules in the peripheral lamella of living migrating newt lung epithelial cells and find evidence for three modes of microtubule-associated ER transport, clearly resolving speculations on this issue that have gone on for many years. ER tubules formed and extended from the reticular network towards the leading edge either by forming a sliding attachment that moved toward the plus end of a microtubule (sliding mechanism) or by attaching to the polymerizing plus end of a microtubule (TAC mechanism). Nocodazole perfusion experiments showed that it was possible for the ER network to undergo retrograde flow when not attached to microtubules. Under normal circumstances, however, the ER is attached to microtubules in the lamella and moves toward the cell center with the actomyosin-driven retrograde flow of microtubules. Thus, the ER is turned over in the lamella by advancement of new tubules towards the periphery by plus-end-directed membrane sliding and TAC mechanisms and is removed by actomyosin-based retrograde flow driving the microtubule movement mechanism. There was no evidence for minus-end-directed sliding of ER in the lamella, but it is possible that minusend-directed motors may move ER in central regions of these cells or may predominate in centripetal transport in non-motile cells. In contrast, the TAC and sliding mechanisms of ER tubule formation may be ubiquitous phenomena and contribute to many forms of membrane trafficking in the central vacuolar system of the cell.
Why has the cell evolved two distinct mechanisms for forming ER tubules in cells? The mechanisms may be redundant, and in regions of the cells where ER networks
Figure 4
ER and microtubule dynamics in the lamella of a cell treated with low levels of nocodazole to inhibit microtubule dynamic instability. Cells were microinjected with X-rhodamine-labeled tubulin to label microtubules (red), stained with DiOC 6 (3) (green) to label ER, and treated with 100 nM nocodazole for ~5 min before a time-lapse series of images was obtained. The microtubule plus ends did not exhibit growth and shortening dynamics and had no ER tubules attached to their plus ends (arrowheads). ER tubules (one highlighted by the arrow), however, still extended in a plusend direction by sliding along the lattice of microtubules. Note that the leading edge of the cell advanced during the sequence, increasing the distance between the microtubule ends and the edge. Scale bar = 10 µm; time is in min:sec. are dense and microtubule plus ends are abundant, the TAC mechanism dominates, whereas in regions of the cell that have aligned polarized microtubules and microtubule shafts are abundant, the sliding mechanism predominates. Thus, extension of ER after cell division [31] could utilize TACs, whereas axonal transport of ER [35] may utilize the sliding mechanism. If, as discussed below, both TACs and the sliding mechanism share the same molecules, TACs may form when a microtubule plus end happens to contact a region of the ER where these molecules are located, while a sliding attachment may form if this same ER region contacts the shaft of a microtubule. Subdomains of the ER membrane may concentrate these components. Consistent with this is our observation that both TACs and sliding ER tubules had only one or very few attachment sites to microtubules. Concentration of proteins into functionally distinct subdomains seems to be a general feature of membrane networks, exemplified by ER 'exit sites' where newly synthesized proteins collect prior to their transport to the Golgi [36] [37] [38] and motile sites of attachment of Golgi membranes to microtubules where secretory products concentrate [19] . However, because attachment of TACs to microtubules was found to stabilize the microtubule to transitions between growth and shortening, it is also possible that TACs do not serve a transport purpose, but are for modulation of microtubule dynamics.
ER TACs and ER sliding may both share the same molecular complex that includes a kinesin-related protein
We suggest that both sliding and TAC-driven ER movements involve a single molecular complex. This is supported by two observations. First, ER-microtubule TACs in Xenopus extracts, ER-microtubule end-attachment sites in growth cones [13] , and motile sites of membrane attachment to microtubules [19] all involve similar bulbous membrane structures. Second, ER tubules sliding in a plus-end direction on microtubules often immediately formed TACs when they reached the microtubule tip. This is similar to the behavior of kinesin-coated beads in vitro, which in the presence of ATP under certain salt conditions can slide towards the plus end of a depolymerizing microtubule, and upon reaching the depolymerizing end, become coupled to the minus-end-directed movement of microtubule shortening [28] . This suggests that kinesin or a related protein may be a member of the complex. This is supported by experiments in astrocytes and neurons, where inhibition of kinesin with antisense oligonucleotides caused retraction of ER from the cell periphery [39] , suggesting that both TACs and sliding movements were inhibited by this single treatment. Because the plusend-directed sliding rate of ER was surprisingly slow (about 4 µm/min), a kinesin-related protein and probably not conventional kinesin (about 60 µm/min) may be part of the complex. However, ER-microtubule TACs remained attached irrespective of whether the microtubule was growing or shortening. Thus far, in vitro coupling of kinesin-coated beads has been documented only for shortening microtubules, and not for growing microtubules, suggesting that other molecules besides kinesins may be members of the complex. Some interesting candidate proteins that have been localized to microtubule ends include XKCM-1, a Xenopus kinesin-related protein that induces microtubule catastrophe [40] , CLIP-170, a putative endosome-microtubule-linking protein [41] , and cytoplasmic dynein, a minus-end-directed microtubule motor [42] . Identification of multifunctional ER motility molecules awaits further investigation.
Conclusions
On the basis of in vitro studies of microtubule motor protein motility and recent studies of microtubule motors in membrane trafficking in the cell, a prevailing view has evolved in which ER movement is driven by motor proteins sliding membranes along the shafts of microtubules. We have demonstrated in living cells that ER tubules were extended by microtubules using a combination of the membrane sliding mechanism and a mode that is driven by microtubule plus-end polymerization dynamics, the TAC. ER removal from the lamella was not powered by minus-end-directed motors, but by actomyosin-based retrograde flow. Because ER sliding to microtubule plus ends resulted in TAC formation, membrane sliding and TACs may share the same molecules, most likely including a kinesin. We also found that ER is capable of modulating microtubule assembly dynamics via TACs. The two modes of microtubule-based ER tubule extension may represent redundancy in an important biological function, or could be specialized to specific situations such as the respreading of membrane networks after cell division or axonal transport.
Materials and methods
Experimental manipulations
Primary cultures of newt (Taricha granulosa) lung epithelial cells were established as described by Reider and Hard [43] . Tubulin was purified from pig brains and was covalently conjugated to X-rhodamine by the method of Hyman et al. [44] . The dye:protein ratio was 1.25:1. Cells were microinjected with 2 mg/ml X-rhodamine-labeled tubulin in injection buffer (50 mM potassium glutamate, 0.5 mM KCl, pH = 7.0) as described [32] . Cells were vitally labeled at room temperature for 7 min by addition of 1.5 µg/ml DiOC 6 (3) to the culture media as described [31] . Cells were rinsed and mounted on a slide in media containing 30 u/ml Oxyrase (Oxyrase Inc.) [31] .
Image acquisition and processing
Pairs of images of X-rhodamine-labeled microtubules and DiOC 6 (3)-labeled ER were acquired at 7-10 sec intervals using the multi-mode digital imaging system described [32, 45] . Briefly, this consisted of epiillumination from an HBO 100 W mercury arc lamp passed through a heat-reflecting filter, a bandpass filter for either 490 ± 20 nm (for DiOC 6 (3)) or 570 ± 20 nm (for X-rhodamine), and a neutral density filter before reflecting off of a triple bandpass dichromatic mirror and being focussed onto the specimen via a 60× 1.4 NA DIC objective lens. Illumination wavelength and intensity were selected by a dual filterwheel and shutter apparatus (Metaltek) under the control of MetaMorph software (Universal Imaging). Emission from the specimen was collected by the objective lens, passed through a triple bandpass emission filter, and magnified 1.875× onto a Hamammatsu C4880 cooled CCD. Camera exposure and shutter controls were also under the control of MetaMorph software.
To examine the relation between membrane tubules and microtubules, color-encoded overlays were created using functions in MetaMorph. For images of both microtubules and ER, the background was subtracted and the contrast stretched to the 12-bit grayscale (4095 levels). A 25 × 25 kernel size low pass filter was applied to the image, and this was subtracted from the unfiltered image to 'flatten' the field shading and bring out details. The contrast was stretched again to produce the final processed image. The final processed images of microtubules and ER were combined to create a 24-bit RGB color overlay image. These procedures were repeated for all image pairs in a time-lapse series. Movies of time-lapse series of color overlays were made using Adobe Premeir ™ as described [46] .
Data analysis
Parameters of microtubule dynamic instability were determined as described in [32] . Similar analysis was performed on membrane tubules that extended de novo from the ER network. All values are expressed as mean ± SD. To discriminate between the 'sliding' and TAC mechanisms of new ER tubule formation, two criteria were considered. First, movies of microtubule and ER dynamics were examined. If an ER tubule obviously extended along the lattice towards the plus end of a pre-existing microtubule as it was extended from the ER network, it was scored as a 'sliding interaction'; it did not matter whether the microtubule was growing or shortening at the time of the interaction. If the new ER tubule appeared to extend by attachment to the end of a growing microtubule, the following quantitative regime was considered. The positions of both the microtubule and its associated ER tubule were tracked in the unprocessed images. The distance between the ends of the microtubule and membrane tubule tips were calculated and plotted against time. If the distance between the tips was less than 1.5 µm throughout the extension period, they were considered to be a TAC. The distance 1.5 µm was chosen because our resolution of tracking was ± 0.5 µm [32] , and the images were acquired within 3 sec of each other, and at the maximal rates of ER tubule movement measured (36 µm/min), the membrane and microtubule tips could be positionally staggered by about 1 µm. The quantitative analysis of unprocessed images was always found to be in agreement with the visual analysis of morphological criteria in processed color overlays, indicating that the image-processing regime did not degrade the positional information in the images.
Supplementary material
Quicktime movies of the time-lapse sequences shown in Figures 1e, 2b, 2d and 4 are published with this paper on the internet.
